Abstract Low mitochondriogenesis is critical to explain loss of muscle function in aging and in the development of frailty. The aim of this work was to explain the mechanism by which mitochondriogenesis is decreased in aging and to determine to which extent it may be prevented by exercise training. We used aged rats and compared them with peroxisome proliferator-activated receptor-γ coactivator-1α deleted mice (PGC-1α KO). PGC-1α KO mice showed a significant decrease in the mitochondriogenic pathway in muscle. In aged rats, we found a loss of exercise-induced expression of PGC-1α, nuclear respiratory factor-1 (NRF-1), and of cytochrome C. Thus muscle mitochondriogenesis, which is activated by exercise training in young animals, is not in aged or PGC-1α KO ones. Other stimuli to increase PGC-1α synthesis apart from exercise training, namely cold induction or thyroid hormone treatment, were effective in young rats but not in aged ones. To sum up, the low mitochondrial biogenesis associated with aging may be due to the lack of response of PGC-1α to different stimuli. Aged rats behave as PGC-1α KO mice. Results reported here highlight the role of PGC-1α in the loss of mitochondriogenesis associated with aging and point to this important transcriptional coactivator as a target for pharmacological interventions to prevent age-associated sarcopenia.
Introduction
Recent advances in medical care as well as in basic gerontology have led to a significant increase in longevity of populations (life span). However, the remarkable increase in life span has also led to an important increase in frailty and dependency (Gill et al. 2002) . It is clear now that we must aim at increasing health span. Muscle aging is a key component of the increase in frailty in human and animal populations (Vanitallie 2003) . Physical exercise is an obvious antiaging mechanism and it is intended to serve as a prevention of cardiovascular aging but also as a prevention of sarcopenia as well as loss in muscle functionality (Fiatarone et al. 1994) .
Early work by Miquel et al. proposed that loss of mitochondriogenesis was critical in the fundamental process of aging (Miquel et al. 1980; Miquel 1992) . Later, in the 1990s, we reported that mitochondrial damage is an early event in cellular aging (Sastre et al. 1996) . This was independently confirmed by the group of Bruce Ames (Hagen et al. 1997) . In 2003, it was shown in skeletal muscle that age causes a decrease in ATP content and production by approximately 50% in isolated rat mitochondria (Drew et al. 2003) . Since the promotion of mitochondriogenesis is critical to prevent aging, an obvious approach was to try and enhance it by physical exercise (Holloszy and Booth 1976; Davies et al. 1982) . Researches have identified the peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) as the master regulator of mitochondriogenesis in mammalian tissues (Puigserver and Spiegelman 2003; Wu et al. 1999; Puigserver et al. 1998) . In vivo and in vitro studies have shown that PGC-1α levels stimulate mitochondrial proliferation in skeletal muscle (Hood et al. 2006) . Increased PGC-1α levels in skeletal muscle by using transgenic MCK-PGC-1α mice (PGC-1α driven by a muscle creatine kinase promoter), prevents muscle wasting by reducing apoptosis, autophagy, and proteasome degradation (Wenz et al. 2009 ). Moreover, in a recent study by Henriette Pilegaard's group, it has been shown that PGC-1α is required for the beneficial effects of moderate exercise training at advanced age to maintain mitochondrial metabolic and antioxidant capacity (Leick et al. 2010) . These studies suggest that the modulation of PGC-1α levels in skeletal muscle present an avenue for the prevention and treatment of age-related disorders.
The aim of our work was to explain the mechanism by which mitochondriogenesis is decreased in aging and to determine to which extent it may be prevented by exercise training. As endurance training is known to upregulate PGC-1α expression in young skeletal muscle (Gomez-Cabrera et al. 2008a ), modulation of PGC-1α levels by endurance training in aged skeletal muscle may be a very effective strategy for the prevention and treatment of sarcopenia. For our purpose, we used aged rats and compared them with PGC-1α knockout (KO) mice.
Our results show that muscle from old rats present a marked loss in mitochondriogenesis and that this may be due to a lack of induction of PGC-1α (Puigserver et al. 1998 ). We find a striking similarity between the response to exercise training in PGC-1α KO mice and in old rats. In young rats, PGC-1α is activated in skeletal muscle not only by training but also by cold exposure or triiodothyronine (T3). We report here that there is an age-associated lack of expression of PGC-1α in response to exercise training or to any of the other stimuli tested in rat skeletal muscle.
Material and methods
Rats For the exercise training experiments, 24 male Wistar rats were randomly divided into four experimental groups: young untrained (n=6), young trained (n=6), aged untrained (n=6), and aged trained (n=6). For the cold induction experiments, 16 male Wistar rats were randomly divided into four experimental groups: young control (n=4), young exposed to cold (n=4), aged control (n=4), and aged exposed to cold (n=4). For the thyroid hormone experiments, 16 male Wistar rats were randomly divided into four experimental groups: young control (n=4), young treated with T3 (n=4), aged control (n=4), and aged treated with T3 (n=4). In all the experimental models, the aged animals were 24 months old and the young ones were 3 months old. We chose 24-month-old rats because previous studies have reported that sarcopenia is evident at this age in this species (Hopp 1993) .
Mice The generation and phenotype of PGC-1α KO mice have been described previously (Lin et al. 2004) . The genotype of the offspring was assessed by determining the presence of either a wild type (WT)-or KO-specific DNA fragment after extraction of DNA from a tail piece by the phenol-chloroform/isoamyl method, amplification of fragments by PCR using specific primers and separation on an agarose gel. Analysis of the PGC-1α expression revealed that its mRNA was absent in the skeletal muscle of the PGC-1α KO mice. We also wanted to check the PGC-1α protein levels in the skeletal muscle of the KO mice. For this purpose and in order to prevent unspecific crossreactivity of PGC-1α antibody in the PGC-1α KO mice, we immunoprecipitated the samples of the KO and WT animals (Fig. 1a) . Immunoprecipitation was performed with Dynabeads protein A (Invitrogen) according to the manufacturer's instructions. The incubation of the antibody (anti-PGC-1, Cayman) with the beads and the incubation of the extract with antibody cross-linked to the beads were both carried out overnight. The PGC-1 IP fractions were then analyzed by Western Blotting. The band of PGC-1α (~92 KDa) was clearly present in the skeletal muscle of the wild-type animals and was absent in the skeletal muscle of the PGC-1α KO mice. Although a faint band was present with a molecular weight over 100 KDa in the PGC-1α KO muscles, taking into account its molecular weight, we do not consider that this band represents PGC-1α. PGC-1β is a very close homolog of PGC-1α and shares extensive sequence identity (Lin et al. 2002) . In addition to their similarities, PGC-1α and PGC-1β share common protein binding partners and the regulation of certain gene programs in skeletal muscle (Handschin et al. 2007 ). This is why we consider that this band could be PGC-1β. However and to further test the effect of PGC-1α deletion on muscle structure, we performed an electron microscopy analysis of soleus muscle from WT and PGC-1α KO animals. Soleus muscle was dissected and fixed overnight in 2% glutaraldehyde, 1% paraformaldehyde, and 0.08% sodium cacodylate buffer. The tissues were post-fixed in 1% osmium tetroxide, dehydrated in graded ethanol, embedded in Poly Bed plastic resin, and sectioned for electron microscopy. Electron microscopic analysis revealed fewer and smaller mitochondria in soleus muscle of PGC-1α KO mice compared to sex-and age-matched WT ones (see Fig. 2 ).
Twenty-seven male mice (14 wild-type and 13 PGC-1α KO) were randomly divided into four experimental groups: WT untrained (n=6), WT trained (n=8), KO untrained (n=7), and KO trained (n=6). The animals were kindly provided from the Centro Nacional de Investigaciones Cardiovasculares Carlos III (Madrid. Spain). The animals were 5-6 months old at the beginning of the experimental protocol.
All animals were fed an ad libitum laboratory diet (Global diet 2,014 l; Harlan Teklad, Madison, WI, USA) and were maintained at 23°C under a light/dark cycle of 12/12 h. The experimental protocol was approved by the Committee on Ethics in Research of the Faculty of Medicine of the University of Valencia, Spain.
Training protocols Endurance-trained young and aged rats were exercised 5 day/week on an animal treadmill (Model 1050 LS Exer3/6; Columbus Instruments, Columbus, OH, USA) at a relative intensity of 75% VO 2max . The treadmill grade and velocity for each experimental group were chosen based on previous studies performed in young and aged rats (Powers et al. 1994; Lawler et al. 1993; Patch and Brooks 1980) . During all the experiments, the grade of the treadmill corresponded to 15% for young rats and 5% for aged rats. We followed a modification of the protocol of Davies et al. (1981) . The young animals were required to run, the first training session, for 25 min at a speed of 26.8 m×min −1 .
The old animals were required to run, the first training session, at a speed of 15 m×min −1 for 15 min. The duration an intensity of each work period was increased progressively. The last day of the training week 3, young animals were running for 1 h at a speed of 30 m×min −1 and the aged ones were running for 45 min at a speed of 18 m×min −1 . It has been
shown that young untrained rats require approximately 75% of their VO 2max to run at 26.8 m×min −1 (15% grade) on a treadmill (Patch and Brooks 1980) (Davies et al. 1981) . Aged untrained animals require approximately 75% of their VO 2max to run at 15 m× min −1 (5% grade) on a treadmill (Lawler et al. 1993 ).
Exercise motivation was provided for all rodents by means of an electronic shock grid at the treadmill rear. However, the electric shock was used sparingly , and cytochrome C (c and f) in PGC-1α KO mice and aged rats. Twenty-seven male mice were randomly divided into four experimental groups: WT untrained (n=6), WT trained (n=8), KO untrained (n=7), and KO trained (n=6). Twenty-four male Wistar rats were randomly divided into four experimental groups: young untrained (n=6), young trained (n=6), aged untrained (n=6), and aged trained (n=6). Representative blots are shown. For the densitometric analysis of the results, values are shown as mean (±SD).The content of α-actin, a housekeeping protein marker in skeletal muscle, was determined in all the experimental groups during training and during the endurance capacity test. The untrained groups were exercised at the same speeds for only 10 min every 3 days for the entire 3-week period. Endurance capacity was assessed, before and after the training period, during a run to exhaustion at 26.8 m×min −1 at a grade of 15% for young rats and at 15 m×min −1 at a grade of 5% for aged rats (Davies et al. 1982 ; see Table 1a ). PGC-1α KO and WT male mice were randomly allocated to either a training group or a control group. The training groups completed 4 weeks of treadmill exercise training five times per week and progressively increased until 60 min at 20 m×min −1 (10% slope) at the end of the second week. Endurance capacity was assessed, before and after the training period, during a run to exhaustion at 20 m×min −1 at a grade of 10% (sees Table 1b ). After the tests, the animals were given 48 h of complete rest before being sacrificed.
Cold exposure protocol After an acclimatization period (1 week), young and aged Wistar male rats were randomly divided into two groups: cold-exposed animals (4±1°C for 24 h) and control animals (24±1°C; Puigserver et al. 1998) . Skeletal muscles were removed immediately after the end of the cold exposure.
T3 treatment Young and aged Wistar male rats were injected intraperitoneally one dose with either T3 (0.4 mg × kg −1 ) or vehicle (0.9% NaClpropylene glycol; 40:60 vol/vol). Skeletal muscles were removed 6 h after the injections (Irrcher et al. 2003) . Gastrocnemius and soleus muscles were removed quickly, freeze-clamped immediately, and stored at −80°C. All the animals were sacrificed by an overdose of sodium pentobarbital.
SDS-PAGE and Western Blotting
Aliquots of muscle lysates (Ji et al. 2004) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The whole gastrocnemius was used to ensure homogeneity. Proteins were then transferred to nitrocellulose membranes, which were incubated overnight at 4°C with appropriate primary antibodies: anti-PGC-1 (1:1,000, Cayman), anti-NRF-1 (1:200, Santa Cruz Biotechnology Inc.), anti-cytochrome C (1:1,000, Santa Cruz Biotechnology Inc.) and anti-α-actin (1:700, Sigma Aldrich). Thereafter, membranes were incubated with a secondary antibody for 1 h at room temperature. Specific proteins were visualized by using the enhanced chemiluminescence procedure as specified by the manufacturer (Amersham Biosciences, Piscataway, NJ, USA). Autoradiographic signals were assessed by using a scanning densitometer (BioRad, Hercules, CA, USA).
Protein carbonylation Oxidative modification of total proteins was assessed by immunoblot detection of protein carbonyl groups using the "OxyBlot" protein oxidation kit (Intergen) as previously described (Romagnoli et al. 2010) .
Statistics Results are expressed as mean±SD. Normality of distribution was checked with the Kolmogorov test and homogeneity of variance was tested by Levene's statistics. For endurance capacity, a repeated measures two-factor analysis of variance was performed. Repeated measures were performed for training (before training compared with after training); the second factor was the status of animals (control or trained). The 
Results
Effect of aging or PGC-1α deletion on endurance response to training Running time to exhaustion during an endurance capacity test was approximately 63% lower in aged than in young rats (Table 1a) . Similarly, running time to exhaustion was~65-70% lower in the PGC-1α KO mice than in WT animals (Table 1b) . These results are in accordance with previous studies demonstrating that endurance capacity was lower in PGC-1α KO animals than in WT (Leick et al. 2008 ). Table 1a also shows that the intensity and duration of the training regimen followed by young and aged rats was enough to induce a significant improvement in maximal endurance capacity (~200% and~135%, respectively). Similarly, the training protocol induced an increase in the endurance capacity both in WT and PGC-1α KO mice (~284% and~173%, respectively; Table 1b ). It cannot be ruled out that the differences found on the endurance capacity test, between the young and old rats, may be explained by the different durations of the exercise training protocols, although this is unlikely. Both groups improved their endurance capacity following a similar exercise intensity training protocol (~75% of their VO 2max ). The different durations of the training periods might explain, in part, some of our results (see "Material and methods" section).
Muscle mitochondriogenesis in PGC-1α KO and aged animals Figure 1 shows that muscle mitochondriogenesis is considerably impaired in PGC-1α-deficient mice. Figure 1a show that training caused an increase in PGC-1α content in WT mice. As expected, we did not find any PGC-1α protein levels in sedentary or in trained PGC-1α KO animals. Although the band corresponding to the PGC-1α protein was absent in our KO mice (92 kDa), a faint band, which is likely to be PGC-1β, appeared in the Western Blotting over 100 kDa (see "Material and methods" section). Figure 1b shows that training increased nuclear respiratory factor-1 (NRF-1), a critical intermediate of the mitochondriogenic pathway in WT animals but not in PGC-1α KO ones. It is also shown that sedentary PGC-1α KO animals have considerably less NRF-1 than controls. Mitochondrial content can be measured directly, using morphometric estimates of organelle volume in relation to total cellular volume. More commonly, it is estimated by the change in maximal activity, measured under optimal conditions in vitro, of a typical "marker enzyme" such as citrate synthase, or by the change in content of a single protein-like cytochrome C (Hood 2001; Terjung 1979) . Several authors have used cytochrome C content as a marker of mitochondrial mass (Hood et al. 2006; Leick et al. 2008 Leick et al. , 2010 and this is the methodology that we have followed in the present work. Training caused an increase in cytochrome C content in WT but not in PGC-1α KO mice. Cytochrome C content in PGC-1α KO animals was also lower than in WT (Fig. 1c) . To sum up, deficiency in PGC-1α resulted in a hampered mitochondriogenic responsiveness to exercise training. In aged rats, we found very similar results, i.e., a loss of exercise-induced increase in the protein levels of PGC-1α, NRF-1 and cytochrome C (Fig. 1d-f ). The main idea reported here is that old age resembles PGC-1α deficiency in terms of lack of responsiveness to training. Indeed, young animals showed an increase in the protein levels of PGC-1α after training which did not occur in aged ones (Fig. 1d) . In Fig. 1e , we show that NRF-1 content was increased in muscle of young rats after training. This effect was lost when we studied aged animals. Finally, Fig. 1f shows that training increased cytochrome C content in muscle of young rats but again this effect was also lost in aged rats.
Oxidative stress and training in aged animals and PGC-1α KO As apparent in Fig. 1 , many of the adaptations of the skeletal muscle to exercise training in aging are similar to those found in PGC-1α KO animals. Thus, we measured the effect of exercise training on skeletal muscle protein oxidation status in young and aged animals and in WT and PGC-1α KO animals. In Fig. 3 , we show protein oxidation in PGC-1α KO (Fig. 3a) and in aged animals (Fig. 3b) . PGC-1α KO animals show an increase in resting protein oxidation (Fig. 3a) . The same happens in aged animals (Fig. 3b) . No effects of training were found in any experimental group.
Lack of activation of PGC-1α by cold exposure or by thyroid hormone treatment in the aged animal The experiments reported above showing that the muscle of aged animals did not upregulate the expression of PGC-1α in response to exercise training, led us to think that aging could result in a lack of responsiveness of PGC-1α to other physiological stimuli. Two of the key stimulators of PGC-1α are thyroid hormones (Irrcher et al. 2003 ) and cold exposure (Puigserver et al. 1998) . Figure 4a shows that young animals, when exposed to cold, upregulated the For the densitometric analysis of the results values are shown as mean (±SD) of a WT untrained (n=6), WT trained (n=8), PGC-1α KO untrained (n=7), and PGC-1α KO-trained animals (n=6); b young untrained (n=6), young trained (n=6), aged untrained (n=6), and aged-trained animals (n=6) expression of PGC-1α threefold but aged animals did not. The same happens with triiodothyronine (T3; Fig. 4b ).
Discussion
The major idea in this paper is that aging causes a lack of response of PGC-1α to various stimuli, the most important being exercise training (see Fig. 1 ), but also to cold exposure or thyroid hormone treatment (see Fig. 4 ). The role of mitochondria as key generator of oxidative stress and also target of the damage associated with reactive oxygen species (ROS) production was postulated by Miquel in the 1970s (Johnson et al. 1975) . Independent work from our laboratory (Sastre et al. 1996) and that from Bruce Ames' (Hagen et al. 1997 ) using both metabolic and flow cytometric approaches provided such evidence. We showed that mitochondria are damaged within cells instead of being frail and damaged during the isolation procedure. A functional muscle that has not lost the capacity to synthesize healthy mitochondria is an important contributor to the prevention of frailty, a major problem in medicine, particularly in geriatrics (Fiatarone et al. 1994; Gill et al. 2010) . Thus, understanding the molecular mechanisms of mitochondriogenesis in aging has both theoretical and practical importance. It has been reported that the mitochondrial function is adapted in response to calorie restriction and this adaptation is critically involved in lifespan extension (Anderson et al. 2008) . Calorie restriction has been shown to activate PGC-1α (Nisoli et al. 2005; Anderson et al. 2008; Anderson and Weindruch 2009) and it may be an effective strategy in delaying aging-induced cellular phenotypes in skeletal muscle (McKiernan et al. 2010) . PGC-1α is critical for the adaptation of muscle mitochondriogenesis to exercise which activates the expression of NRF-1 which in turn, activates TFAM, a factor required for the duplication of mitochondrial DNA (Hood 2001) . This led us to think that mitochondriogenesis might be impaired in aging because of the impaired response of PGC-1α in old animals when compared with young ones. To understand the role of the redox-sensitive PGC-1α in the regulation of mitochondriogenesis in muscle, we used animals which were KO for PGC-1α.
We found a striking similarity in the molecular response of exercise in the mitochondriogenic pathway in mice which are deleted of PGC-1α and in the old rats. The whole pathway involving PGC-1α→NRF-1 and finally cytochrome C (an indicator of mitochondrial mass) responded positively to exercise training in young rats, but failed to do so in old ones. This was precisely the same behavior as that in PGC-1α-deleted mice.
It could be argued that the intensity of the exercise training was not enough to onset the mitochondrial biogenesis in PGC-1α KO mice or in old rats. However, Table 1 shows that the intensity and duration of the training regimen followed by our animals was enough ) of a young control (n=4), young exposed to cold (n=4), aged control (n=4), and aged-exposed to cold (n=4); b young control (n=4), young treated with T3 (n=4), aged control (n=4), aged treated with T3 (n=4). The content of α-actin, a housekeeping protein marker in skeletal muscle, was determined in all the experimental groups to induce a significant improvement in maximal endurance capacity.
PGC-1α protects against skeletal muscle atrophy ( Sandri et al. 2006 ) and very recently it has been shown to be required for training-induced prevention of age associated decline in mitochondria (Leick et al. 2010) . Moreover, relevance of PGC-1α in sarcopenia and metabolic diseases during aging has been also suggested (Wenz et al. 2009 ). Transgenic MCK-PGC-1α animals have preserved mitochondrial function, neuromuscular junctions, and muscle integrity during aging. Moreover, increased PGC-1α levels in skeletal muscle prevent muscle wasting by reducing apoptosis, autophagy, and proteasome degradation (Wenz et al. 2009 ).
Our studies in exercise adaptations to aging, as stated above, led us to the conclusion that PGC-1α was not responding to exercise training in old animals. We suspected that PGC-1α might not be induced by any kind of stimulus in old animals. To test this hypothesis, we used two well-known stimuli of PGC-1α in young and old rats, namely thyroid hormone stimulation and cold acclimation (Irrcher et al. 2003; Puigserver et al. 1998) . Figure 4 shows that both T3 treatment or cold acclimatization caused a very pronounced activation of PGC-1α in young animals. However, there was a striking lack of activation of PGC-1α by any of the stimuli tested when we were using old animals.
It has been reported that the health benefits of chronic exercise may be, at least partially, due to a reduction in mitochondrial oxidant production (Judge et al. 2005) . These data question the very wellestablished idea that exercise generates free radicals. This was first established by the group of Packer (Davies et al. 1982) who showed that ROS are generated during muscle contraction. In that seminal paper, the authors already postulated that the exerciseinduced mitochondriogenesis might be stimulated by ROS (Davies et al. 1982) . We provided the first clearcut evidence that exercise generates oxidative stress only when it is exhaustive (Sastre et al. 1992; GomezCabrera et al. 2003) . However, physical exercise can be considered as a double edge sword: when practiced strenuously it causes oxidative stress and cell damage but when practiced with moderation, it increases the expression of antioxidant enzymes and thus should be considered as an antioxidant (Gomez-Cabrera et al. 2008b) . Here, we have measured the effect of exercise training on skeletal muscle protein oxidation status in young and aged rats and in WT and PGC-1α KO mice. We have found that skeletal muscle from aged and KO PGC-1α animals exhibit oxidative stress, i.e., an increase in protein carbonylation, in resting conditions. The protein oxidation was not significantly increased after training in any experimental group which is in accordance with our idea that exercise training does not increase oxidative stress (Gomez-Cabrera et al. 2008b ). Previous work from our laboratory as well as from others has demonstrated that interfering with free radical production with antioxidants may hamper mitochondriogenic activation by exercise (GomezCabrera et al. 2008a; Strobel et al. 2010; Ristow et al. 2009 ). In the case of aging, we outline a different scenario. Our data show that there are chronic high levels of ROS in the skeletal muscle of old and PGC-1α KO animals. We consider that under these circumstances, the response to exercise of the redox-sensitive cell signaling pathways may be hampered. However, this hypothesis needs to be confirmed in future investigations.
PGC-1α is currently identified as a new therapeutic target for treatment of age-related mitochondrial dysfunction in skeletal muscle, and more generally for sarcopenia (Sandri et al. 2006 ). Moreover, recently, an interesting paper has underpinned the critical role of PGC-1α to link nuclear and mitcochondrial changes in aging (Kelly 2011) . Our study highlights the importance of maintaining a normal PGC-1α responsiveness (which we show here is lost in aging) to maintain normal muscle function, and certainly this problem deserves more research. A schematic interpretation of our results is in Fig. 5 . 
